ABSTRACT: Caused by the vascular fungus Ceratocystis fimbriata, mango wilt is considered to be one of the most serious threats in mango-producing regions worldwide. However, changes in leaf gas exchange level and the mechanisms underlying host responses to this fungal infection remain poorly described. This study aimed to evaluate potential changes in the leaf gas exchange of different mango cultivars (Ubá, Espada, Haden and Tommy Atkins) in response to two Brazilian isolates of C. fimbriata (CEBS15 and MSAK16) to non-invasively assess cultivar variability in relation to the basal level of resistance to mango wilt. Both isolates, regardless of the cultivar, caused reductions in stomatal conductance and, thus, a reduction in CO 2 assimilation via diffusive limitations. Taking into account the full length of the internal lesion and the radial colonization of the stem tissues, both isolates showed equivalent aggressiveness when inoculated into the Haden and Tommy Atkins cultivars. Conversely, when compared to the CEBS15 isolate of C. fimbriata, the MSAK16 isolate was more aggressive in cv. Espada and less aggressive in cv. Ubá.
Introduction
Caused by the vascular fungus Ceratocystis fimbriata (Halsted, 1890) , mango wilt is considered to be one of the most serious threats in mango-producing regions worldwide (Masood and Saeed, 2012) , often leading to tree death and the decline of entire orchards (Ribeiro, 1997; Masood and Saeed, 2012) . During infections by vascular pathogens, including C. fimbriata, vascular disorders usually lead to a decrease in hydraulic conductivity and the ensuing leaf water deprivation substantially affects plant growth and metabolism as a whole, reducing leaf gas exchange and inducing large alterations in source-sink relationships (Flexas et al., 2004 (Flexas et al., , 2007 Roitsch, 1999) .
Crop yield has a high dependence on biomass production (Johnson, 1987) , since the amount of carbohydrate supplied to fruits during their formation depends directly on the amount of assimilates produced during the photosynthetic process (Fishman and Génard, 1998; Rosati et al., 1999; Le Roux et al., 2001 ). Thus, because photosynthesis, and ultimately the source-sink regulation of sugar partitioning, is related to (and depends on) a healthy leaf area and the integrity of the plant, it may be assumed that, as a consequence of the alterations in leaf gas exchange caused by disease, considerable reductions in crop yield result from pathogen invasion and establishment in plant tissues.
Photosynthesis may be considered a component of the integrated plant system, and thus, it is one of the physiological processes that is most sensitive to several abiotic and biotic stresses (Berry and Bjorkman, 1980; Baastians, 1991; Elings et al., 1999; Aucique-Perez et al., 2014) . Therefore, the assessment of changes in leaf gas exchange may assist in elucidating the high variability between mango cultivars in terms of their basal level of resistance to mango wilt. A better understanding of the relationship between C. fimbriata isolates and mango cultivars will be very important for plant breeding programs whose goal is screening accessions for resistance to the disease. Hence, considering the substantial yield losses in producing areas and the consequent need for more information about its effect over mango physiology, the main goal of this study was to assess the contrasting behavior of a number of mango cultivars against infection by certain C. fimbriata isolates in terms of plant leaf gas exchange performance.
Materials and Methods

Plant material
Approximately one-year old mango plants, cultivars Espada, Haden, Ubá, and Tommy Atkins, were obtained from a commercial orchard in Dona Euzébia municipality, in the state of Minas Gerais, Brazil (-21   o 18'59" S, -42 o 48'38" W, and 222 m). All cultivars were grafted onto plants from the cultivar Imbú, which is widely used as rootstock in the Zona da Mata region, Minas Gerais, Brazil. Saplings were transplanted into plastic pots containing 8 kg of substrate consisting of a mixture of soil, sand and manure in a ratio of 2:1:1. The plants were maintained in a greenhouse (temperature of 30 ± 2 °C and relative humidity of 70 ± 5 %) for two months before the beginning of the experiments. The plants were irrigated and fertilized as needed.
Inoculation procedure
The procedure was largely performed as previously described . The CEBS15 and MSAK16 isolates of C. fimbriata were used to inoculate isolates of Ceratocystis fimbriata the plants. These isolates were obtained from symptomatic mango plants collected, respectively, from the following municipalities in Brazil: Brejo Santo, in the state of Ceará (07°29'34" S, 38°59'06" W, and 381 m), and Aquidauana, in the state of Mato Grosso do Sul (20°28'15" S, 55°47'13" W, 147 m). The isolates were preserved according to Castellani's method (Dhingra and Sinclair, 1995) . Plugs of malt extract-agar medium containing fungal mycelia were transferred to Petri dishes containing potato dextrose agar (PDA). After three days, the PDA plugs containing fungal mycelia were transferred to new Petri dishes containing the same culture medium and maintained in an incubator chamber (temperature of 25 °C with a 12-h photoperiod) for 14 days. The plants were inoculated according to Al-Sadi et al. (2010) with a few modifications. Stem disks (10-mm diameter and approximately 2-mm wide) were removed from the stems using a punch at approximately 5 cm above the graft scar. A PDA plug (10-mm diameter) obtained from a 14-day-old fungal colony was carefully placed in the punch hole. Each hole containing a PDA plug with fungal mycelia was carefully covered with a piece of moistened cotton and then wrapped with parafilm to maintain adequate moisture for fungal infection. The holes on the stems of the plants receiving only PDA medium plugs served as the control treatment.
Disease assessments
Disease development was evaluated at 28 days after inoculation (dai). The upward, downward and radial colonization of the stem tissues by fungal hyphae were determined by measuring the distance (length in cm) from the inoculation site to the edge of the internal necrotic tissue using a digital caliper. The upward relative lesion length (URLL) and the downward relative lesion length (DRLL) were determined as the ratio between the length from the graft scar to the top of the stem (LGST) and the lesion length (LL) in the same interval (upward and downward) from the inoculation point according to the following formula: URLL or DRLL = LL × 100/ LGST. The plants were standardized to 20-cm long (the distance from the graft scar to the top of the stem). The radial fungal colonization (RFC) was determined as the length of necrotic tissue in relation to the total stem diameter × 100. The number of wilted leaves from the total number of leaves per plant of the replication of each treatment was determined at 28 dai according to Al-Sadi et al., (2010) .
Leaf gas exchange measurements
The leaf gas exchange parameters were determined using a portable open-flow gas exchange system. The net carbon assimilation rate (A), stomatal conductance to water vapor (g s ), internal-to-ambient CO 2 concentration ratio (C i /C a ) and transpiration rate (E) were measured in the fully expanded leaves of six plants from each treatment at 7, 14, 21 and 28 dai. ) from approximately 08h00 to 12h00.
Experimental design and statistics
A 4 × 3 factorial experiment, consisting of four cultivars and plants that were not inoculated, inoculated with isolate MSAK16 or inoculated with isolate CEBS15 of C. fimbriata, was arranged in a completely randomized design. A total of five plants per treatment were used to evaluate the leaf gas exchange parameters at each sampling time (7, 14, 21 and 28 dai) and the disease indices at the end of the experimental period (28 dai). Each replication consisted of an individual potted plant. The experiment was conducted twice. Data from all of the variables were subjected to an analysis of variance (ANOVA), and the means of the treatments were compared by Tukey test (p ≤ 0.05). To analyze disease indices, the means obtained for plants inoculated with the C. fimbriata isolates were compared using the Student's t test (p ≤ 0.05) with SAS (Statistical Analysis System, version 9.02).
Results
Analysis of variance
At least one of the factors cultivar, plant inoculation, and their interaction were significant for A, g s , C i / C a , E, URLL, DRLL, RLL, and RFC, especially from 21 dai onward (Table 1) .
Disease indices
There were no significant differences between the cultivars evaluated against the CEBS15 isolate of C. fimbriata ( Figure 1A-D) . Despite the fact that plants from cv. Haden presented greater URLL in comparison to cv. Tommy Atkins in response to the MSAK16 isolate, there were no differences (p > 0.05) between cvs. Haden and Tommy Atkins in response to the CEBS15 and MSAK16 isolates of C. fimbriata for the disease indices. Except for DRLL, plants from cv. Espada inoculated with the MSAK16 isolate showed the highest values in contrast to plants from cv. Ubá (approximately 90 % for URLL, 83 % for RLL and 67 % for RFC) ( Figure 1A , C, D). The CEBS15 isolate of C. fimbriata was less aggressive than the MSAK16 isolate on cv. Espada according to the disease indices (approximately 35 % for URLL, 25 % for RLL and 14 % for RFC) ( Figure 1A -D) evaluated. The MSAK16 isolate was less aggressive than the CEBS15 isolate in cv. Ubá, with differences between indices of approximately 75 % for URLL, 45 % for DRLL, 65 % for RLL, and 45 % for RFC ( Figure 1A-D) .
Wilted leaves
Plants from cv. Espada inoculated with the MSAK16 isolate of C. fimbriata presented 100 % wilted leaves at 28 dai ( Figure 2A ). There were no differences (p > 0.05) between cultivars for the plants inoculated with the CEBS15 isolate ( Figure 2B ). 
The results are presented as non significant (ns) or significant when p ≤ 0.05 (*) or p ≤ 0.01 (**); df = degrees of freedom; -= not determined. Figure 3C ). For plants from cv. Tommy Atkins inoculated with the CEBS15 isolate, A was reduced by 35, 55 and 65 % at 14, 21 and 28 dai, respectively, when compared to the non-inoculated plants ( Figure 3D ). Plants from cv. Espada inoculated with the isolate MSAK16 died at 21 dai, therefore A was not evaluated at 21 and 28 dai ( Figure 3A) .
Stomatal conductance to water vapor (g s ) -
There was no changes (p > 0.05) in g s for plants inoculated with the CEBS15 isolate of C. fimbriata at any of the sampling times regardless of the cultivar (Figure 4A-D Figure 4D ). Plants from cv. Espada inoculated with the MSAK16 isolate died at 21 dai, therefore g s was not evaluated at 21 and 28 dai ( Figure 4A ).
Internal-to-ambient CO 2 concentration ratio (C i /C a ) -Overall, there were no differences between mango cultivars in terms of C i /C a values regardless of the isolate of C. fimbriata ( Figure 5A-D) . For plants from cv. Ubá inoculated with the CEBS15 isolate, C i /C a was 8 and 17 % lower compared to the non-inoculated plants at 21 and 28 dai, respectively ( Figure 5B ). For plants from cv. Haden inoculated with the CEBS15 isolate, the reductions in C i /C a were nearly 25 % at 21 dai and approximately 36 % at 28 dai in comparison to the non-inoculated plants ( Figure 5C ). For plants from cv. Tommy Atkins inoculated with the CEBS15 isolate of C. fimbriata, C i /C a was reduced by 14, 24 and 24 % at 14, 21 and 28 dai, respectively, when compared to the non-inoculated plants ( Figure 5D ). Plants from cv. Espada inoculated with the MSAK16 isolate died at 21 dai, therefore C i /C a was not evaluated at 21 and 28 dai ( Figure 5A ). Transpiration rate (E) -There were no changes (p > 0.05) in E for plants inoculated with the CEBS15 isolate of C. fimbriata at any of the sampling times regardless of the cultivar (Figure 6A-D) . Furthermore, noninoculated plants from all of the cultivars displayed no differences in E during the course of evaluation. For plants from cv. Ubá inoculated with the CEBS15 isolate, E was 52, 41 and 74 % lower compared to the non-inoculated plants at 14, 21 and 28 dai, respectively ( Figure 6B ). For plants from cv. Haden inoculated with the CEBS15 isolate, the reductions in E were nearly 50 % at 21 dai and approximately 100 % at 28 dai in comparison to the non-inoculated plants ( Figure  6C ). For cv. Tommy Atkins plants inoculated with the CEBS15 isolate, E was reduced by 46, 61 and 53 % at 14, 21 and 28 dai, respectively, when compared to the non-inoculated plants ( Figure 6D ). Plants from cv. Espada inoculated with the isolate MSAK16 died at 21 dai, therefore E was not evaluated at 21 and 28 dai ( Figure 6A ).
Discussion
Before mango plants infected by C. fimbriata exhibit typical symptoms of wilting and drying leaves, extensive necrosis in the inner tissues of the stem and root are the main signs of disease progression (Viégas, 1960) . Thus, an evaluation of internal symptoms appears to be appropriate for determining the progress of disease prior to the onset of visible symptoms. Studies such as those conducted by Al-Sadi et al., (2010) and Araújo et al., (2014) clearly illustrate the pathogen infection process at the microscopic level and endorse the measurement of acropetal, basipetal, and radial pathogen growth as an effective strategy for evaluating the spread of disease.
In this study, there were no differences overall according to the disease indices (URLL, DRLL, RLL and RFC) between the cultivars tested in response to the CEBS15 isolate of C. fimbriata. However, following infection with the MSAK16 isolate, plants from cv. Espada showed marked susceptibility, with premature death of plants from 21 dai onward, especially in comparison to cv. Ubá, which showed the lowest proportion of colonized stem tissues. Considering the full length of the internal lesion and the radial colonization of the stem tissues, the aggressiveness of the two C. fimbriata isolates was quite similar for the plants from cvs. Haden and Tommy Atkins. Conversely, when compared to the CEBS15 isolate of C. fimbriata, the MSAK16 isolate was more and less aggressive on cvs. Espada and Ubá, respectively. Based on the observation of interactions between different mango cultivars and different isolates of C. fimbriata, it has been suggested that, rather than differences between the aggressiveness of isolates, the variability observed may be related to different cultivar × isolate interactions, whereby cultivars become more or less susceptible to a given isolate (Rossetto et al., 1996) . In fact, this hypothesis is consistent with the results obtained by Araújo et al., (2014) , who classified Ubá as a highly resistant and cv. Espada as a highly susceptible cultivar regardless of the invading isolate, based on RLL and RFC disease indices.
It is known that C. fimbriata hyphae grow faster through the cortical parenchyma and xylem vessels of plants from susceptible cultivars and, thus, induce the concomitant and intense formation of polysaccharide gels and tyloses as host defense responses (Araújo et al., 2014) . As previously reported by Araújo et al., (2014) , C. fimbriata extensively colonize the pith parenchyma in the radial direction in the stem tissues of plants from susceptible mango cultivars, such as Espada and Haden; in contrast, in resistant cultivars, the fungal hyphae barely reach these cells. The formation of these defense structures, together with the tissue colonization itself and increasing structural damages, ultimately lead to an increase in sap flow resistance and may result in an altered plant hydration status (Nogués et al., 2002; Dong et al., 2012; Park et al., 2013) . In due course, the alterations in water availability may lead to reductions in photosynthesis, transpiration rates, leaf longevity and integrity (Nogués et al., 2002) as observed for a series of other pathosystems that also involve the mango-C. fimbriata interaction . In fact, in the present study, decreases in A, g s , C i /C a and E, in association with wilting leaves, were a general response of the mango cultivars to infection by C. fimbriata. Although plants from cvs. Ubá and Tommy Atkins inoculated with the MSAK16 isolate of C. fimbriata exhibited leaf gas exchange parameters similar to their non-inoculated counterparts (control), the Haden and Espada cultivars showed drastic declines in the evaluated parameters and overt plant death from 21 dai onward, showing considerably more susceptibility to development of the disease when inoculated with this fungal isolate. In turn, for plants from the cultivars Ubá, Haden and Tommy Atkins, changes were more likely to occur from 14 dai onward in response to infection with the CEBS 15 fungal isolate. Thus, regardless of the isolate used for plant inoculation, the changes observed in leaf gas exchange parameters were likely associated with the net flux of CO 2 into the stomata because decreases in stomatal conductance were mostly accompanied by decreases in the C i /C a ratio. According to Mansfield et al., (1990) and Farooq et al., (2009) , the first response of plants suffering from water privation is stomatal closure to prevent loss of water through the transpiration process.
The reduction in g s also appears to function as a main determinant for the drop in carbon assimilation under conditions of mild to moderate stress (Yokota et al., 2002; Farooq et al., 2009 ). The transpiration process and uptake of atmospheric CO 2 are competing effects that utilize the same pathway to leave and enter the leaf mesophyll via the stomatal pore (Hopkins and Hüner, 2004) . As a result of limited carbon assimilation, decreases in the consumption of electrons released from water and enhancement of the photorespiratory processes are expected to occur (Noctor et al., 2002; Chaves et al., 2003) . These alterations generally lead to the onset of excess excitation energy, which facilitates the formation and accumulation of reactive oxygen species, thereby resulting in potential oxidative stress (Noctor et al., 2002; Chaves et al., 2003; Bispo et al., 2015) . In this way, plants from the most susceptible cultivars may have dealt with the development of derived oxidative stress coupled with potential water privation favoring, therefore, the development of disease symptoms in contrast to plants from the most resistant cultivars to which the damage in vascular tissues was less pronounced as highlighted by the diseases indices studied. According to Araújo et al., (2014 Araújo et al., ( , 2015 , the capacity of mango plants to produce different types of phenolics on the stem were closely related to their level of basal resistance against C. fimbriata infection.
Considering the coupling of data for disease evaluation and changes in leaf gas exchange parameters resulting from infection, it may be assumed that there are significant differences between cultivars in terms of resistance responses. Therefore, an evaluation of leaf gas exchange provides a reliable indication of the general metabolic status of the host in a non-invasive manner. In general, regardless of the inoculated isolate, alterations in gas exchange parameters were progressively observed during the development of disease in all mango cultivars, but whether they were more or less pronounced was dependent on the interaction. This approach may aid in the selection resistant cultivars that are more prone to the alleviation of disease symptoms and maintenance of plant production.
